cerebellum. Together, our findings suggest that TR4 is required for normal cerebellar development.
Testicular orphan nuclear receptor 4 (TR4) was cloned from human and rat testis and prostate, as well as from mouse brain cDNA libraries, and is a member of the nuclear receptor superfamily (5) . No biological ligand has been identified; however, TR4 was shown to be essential for normal spermatogenesis in the testis (28) . In the rodent, TR4 expression can be detected in the peripheral organs, such as the adrenal gland, spleen, testis, thyroid and pituitary glands, and prostate. Interestingly, its expression in the central nervous system (CNS) is even higher. Brain regions with particularly high TR4 expression include the hypothalamus, hippocampus, and cerebellum (5) , suggesting that TR4 may have a physiological role in the nervous system as well.
Previous studies have demonstrated that TR4 promotes the binding of several nuclear receptors, including the thyroid hormone and chicken ovalbumin upstream protein transcription factor (COUP-TF) receptors, to the promoter regions of target genes (19) . In addition, TR4 acts as a modulator for retinoic acid signaling by competing with the retinoic acid receptor (RAR) and the retinoid X receptor (RXR) for binding to the direct-repeat (AGGTCA) site (21, 23) . Related studies of the COUP-TF receptor, as well as of RAR and RXR, further demonstrated that nuclear receptors that can be modulated by TR4 are important in neurogenesis. The role of COUP-TF1 in neurogenesis was demonstrated by using COUP-TF1 knockout mice. In the cerebral cortices of COUP-TF1-null animals, a failure of innervation of thalamocortical projections causes extensive cell death and results in the absence of cortical layer IV (42) . Retinoid signaling in neurogenesis has been demonstrated to promote neuronal generation, as shown by the effects of direct administration of RAR/RXR mRNA to Xenopus embryos (34) . Besides interacting with other nuclear receptors, TR4 directly regulates the expression of ciliary neurotrophic factor receptor alpha (CNTFR␣) (41) and apolipoprotein E (ApoE) (22) . The role of CNTFR␣ in the development of the nervous system has been revealed by work with CNTFR␣-null mice, which die soon after birth due to severe motor neuron deficiency (7) . ApoE has been suggested to be involved in cerebral amyloid angiopathy by facilitating the deposition of amyloid-␤ in the cerebral vessels and subsequently causing hemorrhage and infarction, which can be found in most cases of Alzheimer's disease (10) . The regulation by TR4 of these nuclear receptors that are important in nervous system development and degeneration, as well as the abundant expression of TR4 in multiple brain regions, indicates an important role for the receptor in the CNS.
A recent study showed that the expression patterns of TR4 in the embryonic and neonatal cerebella are correlated with neurogenesis (37) , suggesting a significant role of TR4 in regulating the development of the cerebellum. To study the putative physiological roles of TR4 in the CNS, TR4
Ϫ/Ϫ mice were generated by homologous recombination in embryonic stem cells (6) . Throughout postnatal development, behavioral deficits in motor coordination were observed in mice lacking a functional TR4 gene, suggesting abnormal development and/or function of the TR4 Ϫ/Ϫ cerebellum. The mouse cerebellum is a particularly useful organ for studying neurogenesis due to the profound morphological transformations that occur during development. Histological examination revealed that cerebellar development in both em-bryonic and postnatal TR4 Ϫ/Ϫ mice is abnormal. Moreover, the expression of genes that were correlated with the morphological changes was observed in the TR4 Ϫ/Ϫ cerebellum. The results of this study demonstrate the importance of TR4 in the process of cerebellar development.
MATERIALS AND METHODS

Animals. TR4
Ϫ/Ϫ mice were obtained from Lexicon Genetics Incorporated and were generated as described elsewhere (6) . Briefly, mice heterozygous for disruption of TR4 were maintained on a C57BL/6 ϫ 129SvEv hybrid background. TR4
ϩ/ϩ and age-matched TR4 Ϫ/Ϫ embryos or pups for this study were produced from heterozygous breeding pairs. The day on which a vaginal plug was observed was considered embryonic day 0 (E0), and the day of birth was postnatal day 0 (P0). The genotype of offspring was determined by PCR analysis of genomic DNA prepared from tail samples as described previously (6) . Mice were housed in the vivarium facility of the University of Rochester Medical Center. The animals were provided a standard diet with constant access to food and water and were exposed to a 12-h light-dark cycle.
Behavioral analysis. The general sensorimotor capabilities of the mice were evaluated using the ledge test (32) . The ledge was 0.75 by 30 cm 2 . The time to fall was calculated from the moment each mouse was placed on the ledge. A maximum of 60 s was established for the task. The wire-hanging test was used to evaluate the prehensile reflex (35) . A wire, 40 cm long and 0.2 cm in diameter, was placed 30 cm above the floor. A maximum time of 60 s was set for this task. Three trials per animal, separated by 20-min intervals, were conducted.
Histological analysis and immunohistochemical assays. Animals were sacrificed with a lethal dose of sodium pentobarbital (250 mg/kg of body weight) in accordance with the guidelines of the University Committee on Animal Resources. Embryos or cerebella of TR4 ϩ/ϩ and TR4 Ϫ/Ϫ mice at different developmental stages were fixed overnight or longer in fresh 10% buffered paraformaldehyde and were then dehydrated through a series of graded alcohols before being embedded in paraffin. Sagittal sections from TR4 ϩ/ϩ and TR4 Ϫ/Ϫ cerebella were cut at a thickness of 4 m and placed on slides for staining. For immunohistochemical staining, sections were first incubated with anti-calbindin (Chemicon, Temecula, Calif.), antibromodeoxyuridine (anti-BrdU) (Zymed, San Francisco, Calif.), anti-TR4 (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.), anti-NeuN (Chemicon), or anti-Reelin (Chemicon) antibodies. By using the ABC kit (Vector, Burlingame, Calif.), the sections were then incubated with biotin-conjugated secondary antibodies and visualized under bright-field microscopy with a diaminobenzidene substrate (DAB) kit (Vector). Sections were counterstained with hematoxylin or cresyl violet. For reelin staining, the binding of the antibody was detected by Alexa Fluor goat anti-mouse immunoglobulin G (Molecular Probes, Eugene, Oreg.). For the in vivo migration assay, P7 littermates were injected with BrdU (10 g/g, intraperitoneally [i.p.]) and harvested 24, 48, or 72 h after administration. To assess cell proliferation, BrdU was injected either into pregnant mice (50 g/g, i.p.) or into pups after birth (10 g/g, i.p.). Following a 2-to 4-h incorporation period, anti-BrdU staining was conducted. To assess cell death, a terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay was conducted using the In Situ Cell Death Detection kit (Roche, Penzberg, Germany) as directed. For RNA detection, in situ reverse transcription-PCR (RT in situ PCR) was performed according to the procedure published by Nuovo (29) . Five pups or embryos were used per age group for each procedure.
Calculations of cerebellar cortical area. The sizes of the external granule cell layer (EGL) and internal granule layer (IGL) in the developing cerebellar cortices of TR4 ϩ/ϩ and TR4 Ϫ/Ϫ mice were determined by photographing Nisselstained transverse sections by using a digital camera (Diagnostic Instruments, Inc.) mounted on a Nikon microscope. Randomly selected regions, 10 per sample, in the center of lobules at identical anteroposterior and mediolateral coordinates, were measured. SPOT software (Diagnostic Instruments, Inc) was used to examine the sizes of cerebellar layers. Quantitative data were obtained from 4 sections per mouse and 5 mice per age group.
Reverse transcription and real-time PCR. Total RNA was isolated from the cerebella of age-matched TR4 ϩ/ϩ and TR4 Ϫ/Ϫ mice by using the TRIzol reagent (Invitrogen, Carlsbad, Calif.). For each sample, first-strand cDNA synthesis was performed with the Superscript II RNase H reverse transcriptase kit (Invitrogen) from 2 g of total RNA. Real-time PCR was performed with the iCycler iQ PCR and detection system (Bio-Rad Laboratories, Hercules, Calif.). cDNA was amplified under the following conditions: 95°C for 5 min; 45 cycles of 15 s at 95°C, 8 s at 55°C, and 25 s at 72°C. Quantitative analysis was performed using iCycler analysis software (Bio-Rad Laboratories). Measurements were normalized to those of ␤-actin to correct for variability in the RNA amount in each sample. The quantification of each sample relative to the control was calculated using the 2 Ϫ⌬⌬ C T method (24) .
RESULTS
Impaired motor coordination in TR4
؊/؊ mice. Although TR4 Ϫ/Ϫ mice were viable, a higher incidence of death occurred among these animals than among TR4 ϩ/ϩ littermates during the first 2 months of postnatal life (2.04% for TR4 ϩ/ϩ versus 44.44% for TR4 Ϫ/Ϫ mice). The body weight and overall brain size of TR4 Ϫ/Ϫ mice were significantly reduced throughout the entire period of postnatal development. Even as adults, TR4
Ϫ/Ϫ mice displayed 45% lower body weight (6) . In addition to general differences in physical appearance, developing and mature TR4
Ϫ/Ϫ mice exhibited a variety of behavioral abnormalities, such as mild trembling, unsteady gait, hyperreactivity upon manipulation, and a decreased tendency to explore their surroundings. When lifted by the tail, TR4
Ϫ/Ϫ mice at P21 clasped their hind limbs, whereas TR4 ϩ/ϩ mice extended their legs (Fig. 1A) . To characterize these behavioral observations, we performed a set of performance tests assessing motor coordination and balance for both TR4 ϩ/ϩ and TR4 Ϫ/Ϫ mice (Fig. 1B) . In ledge tests, which require animals to maintain their balance in order to avoid falling, the mean latency to fall for TR4 Ϫ/Ϫ mice was significantly shorter than that for TR4 ϩ/ϩ controls (P Ͻ 0.005 by Student's t test). While all TR4 ϩ/ϩ mice remained on the ledge for at least 60 s, 6 out of 7 TR4
Ϫ/Ϫ mice were unable to stay on the ledge for more than 30 s. Furthermore, TR4
ϩ/ϩ and TR4 Ϫ/Ϫ mice were placed on a thin horizontal wire. Consistent with results from the ledge test, the mean latency to fall for TR4 Ϫ/Ϫ mice was significantly shorter than that for TR4 ϩ/ϩ controls in wire-hanging tests (P Ͻ 0.005 by Student's t test). All TR4 Ϫ/Ϫ mice fell off the wire within 15 s, whereas TR4 ϩ/ϩ mice had no difficulty in hanging on for 60 s. In adult TR4
Ϫ/Ϫ mice, additional severe symptoms were present. As revealed by footprinting, mature TR4 Ϫ/Ϫ mice dragged their hind limbs while walking and were more likely to stray from a straight path (Fig. 1C) . These deficits in performance indicate that the motor coordination and balance of TR4 Ϫ/Ϫ mice are impaired.
Disturbed cerebellar development in TR4
؊/؊ mice. In a previous study, we found that the cerebella of TR4 Ϫ/Ϫ mice were reduced by 25% in volume relative to those of TR4 ϩ/ϩ mice, while no obvious difference was observed in the cerebral cortices (data not shown). Midsagittal sections of adult TR4 Ϫ/Ϫ cerebella revealed a reduced hemisphere size as well as stunted folium formation, particularly an absence of lobule VII, relative to those of controls (Fig. 1E ). This phenotype can be observed even earlier, during postnatal stages. At P7 and P14, the size of the cerebellum and the formation of cerebellar fissures were reduced in TR4 Ϫ/Ϫ mice relative to those of control littermates (Fig. 1D) . Histologically, the formation of cerebellar folia in TR4 Ϫ/Ϫ mice was stunted at all ages, from P0 to P21 (Fig. 2) . At P0, a reduced depth of the cerebellar fissures was observed in TR4 Ϫ/Ϫ mice compared to corresponding areas of TR4 ϩ/ϩ cerebella ( Fig. 2A and B) In particular, lobule VII consistently failed to develop morphological distinction from lobule VI in TR4 Ϫ/Ϫ mice at P7, P14, and P21 (Fig. 2D, F , and H). Under higher magnification, it was ob-served that the fine laminar structure was stunted in the cerebellar cortices of TR4 Ϫ/Ϫ mice. At P14, the EGLs of TR4
Ϫ/Ϫ mice were abnormally thicker, and the molecular layers (ML) were abnormally thinner, than those of TR4 ϩ/ϩ mice ( Fig. 2E and F, insets, and Fig. 3C and D). By P21, whereas most of the EGL has disappeared in the TR4 ϩ/ϩ cerebellum, a significant EGL presence could still be observed in the TR4 Ϫ/Ϫ cerebellum (Fig. 3F) .
The lamination irregularities in the TR4 Ϫ/Ϫ EGL and ML suggest that the development of cerebellar granule and Purkinje cells may be affected by the absence of TR4. To examine this possibility, immunohistochemistry was performed using an antibody recognizing a C-terminal region of TR4; it showed that TR4 was expressed in the cerebellar cortices of wild-type mice (Fig. 4A) , a finding consistent with previous reports (5, 37) . Interestingly, positive signals were observed not only in the granule cells of the IGL but also among postmitotic granule cells of the EGL (Fig. 4C) , migrating granule cells of the ML (Fig. 4D) , and Purkinje cells ( . Interestingly, at all three postnatal stages, the numbers of teardropshaped granule cells in the ML of TR4 Ϫ/Ϫ cerebella were lower than those for age-matched control littermates (Fig. 3) . In contrast, round granule cells in the ML were more abundant in TR4 Ϫ/Ϫ than in TR4 ϩ/ϩ cerebella ( Fig. 3 ). Because these changes in granule cell shape are linked to migratory behavior (1), our findings suggest that the abnormal thickness of the EGL in the TR4 Ϫ/Ϫ cerebellum may result from impaired migration of granule cells. To test this hypothesis, long-term BrdU incorporation assays were performed 24, 48, and 72 h following injection at P7. At 24 h post-BrdU injection, cerebellar granule cells in wild-type mice began to migrate inward toward the IGL, as demonstrated by the presence of BrdUlabeled cells in the inner layer of the EGL. However, fewer BrdU-labeled cells were observed in the inner layers of the EGLs of TR4 Ϫ/Ϫ cerebella ( Fig. 5B ) than in controls. After 48 h, fewer granule cells reached the IGL in TR4
Ϫ/Ϫ cerebella than in controls. This was demonstrated by the findings that fewer BrdU-labeled cells were located in the IGLs of TR4 Ϫ/Ϫ cerebella than in those of TR4 ϩ/ϩ cerebella ( Fig. 5C and D) and that more BrdU-labeled granule cells were observed in the ML of TR4 Ϫ/Ϫ cerebella than in those of TR4 ϩ/ϩ cerebella ( Fig. 5C and D) . Thus, these abnormalities suggest that the migration profile of differentiated granule cells in the TR4 Ϫ/Ϫ cerebellum was altered, causing a delay in their migration into the IGL. This is further supported by real-time RT-PCR analysis, which revealed that the expression of genes related to granule cell migration was reduced in the TR4 Ϫ/Ϫ cerebellum at P7. Specifically, Pax-6 and Astn expression in the TR4 Ϫ/Ϫ cerebellum was down-regulated to 51.76 and 22.92% of the expression levels in the TR4 ϩ/ϩ cerebellum, respectively (Table 1). Even after 72 h of BrdU incorporation, the number of BrdU-labeled granule cells in the IGL was dramatically lower than that in age-matched controls ( Fig. 5E and F) . Interestingly, dark spots could be seen in the TR4 Ϫ/Ϫ ML (Fig. 3) , indicating that cells were undergoing apoptosis. Thus, in addition to the interruption of granule cell migration, a higher rate of cell turnover was occurring simultaneously in the TR4 Ϫ/Ϫ cerebellum.
Altered proliferation pattern of external granule cell layer neurons in TR4
؊/؊ mice. The rate of progenitor cell proliferation in the EGL may also determine the thickness of the EGL in the early postnatal cerebellum. To examine this hypothesis, the immunocytochemical method of short-term BrdU incorporation (2 to 4 h) was performed with mice at different developmental stages (Fig. 6 ). The number of labeled cells, as well as the intensity of BrdU labeling in the proliferative zone of the EGL, was reduced in the TR4 Ϫ/Ϫ cerebellum at P7 (Fig. 6D ). Diminished neurogenesis in the proliferative zones occurred even earlier, as indicated by reduced BrdU labeling of P0 and E16.5 samples (Fig. 6D and J) . In addition, sections of cere- bella from TR4 Ϫ/Ϫ mice stained with crystal violet demonstrated a thinner neuroepithelial layer and rhombic lip at E16.5 than sections from TR4 ϩ/ϩ controls ( Fig. 6I and J) . These observations indicate that the increased thickness of the EGL in the P7 TR4 Ϫ/Ϫ cerebellum was due not to increased proliferation of progenitors but rather to a transient delay in the migration of these cells toward the IGL. This is supported by analysis of real-time RT-PCR of P7 cerebellum samples, which revealed that the expression of Shh, a mitogen for proliferation of granule cell progenitors, was decreased to 35.97% of TR4 ϩ/ϩ control levels (Table 1) . To further characterize the expression of Shh in Purkinje cells specifically, RT in situ PCR was performed. In P7 TR4
Ϫ/Ϫ cerebellar sections, the expression of Shh was reduced (Fig. 7) , suggesting that the suppressed neurogenesis in the TR4 Ϫ/Ϫ cerebellar EGL before P7 may result from decreased expression of Shh in Purkinje cells. In the P12 cerebellum, more BrdU-labeled cells were found in the proliferative zones of the EGLs of TR4 Ϫ/Ϫ mice than in those of TR4 ϩ/ϩ mice ( Fig. 6E and F) . Cells in the EGL continued to be labeled by BrdU at later postnatal stages, as late as P18 (Fig. 6G and H) . Thus, unlike that in earlier developmental stages, the accumulation of postmitotic granule cells in the EGL of the TR4 Ϫ/Ϫ cerebellum at P12 and beyond may be accounted for by both increased proliferation and delayed migration of granule cells.
Increased neuronal apoptosis in the postnatal TR4 ؊/؊ cerebellum. In contrast to the effects observed in the EGL of the TR4 Ϫ/Ϫ cerebellum, the thickness and cell density of the IGL were decreased at P7, P14, and P21 ( Fig. 3 ; see also S1A and S1B in the supplemental material). To determine whether the abnormalities in the IGL of the TR4 Ϫ/Ϫ cerebellum resulted from an increase in cell death, the TUNEL assay was performed. In the TR4
Ϫ/Ϫ cerebellum, we observed an increase in the number of TUNEL-positive cells in the IGL (Fig. 7F and G) and the ML at P7. In fact, a higher incidence of TUNEL labeling occurred in the IGL of the TR4 Ϫ/Ϫ cerebellum at all postnatal stages. These cells were confirmed to be granule cells by their size and location in serial cut sections, as well as by staining with the NeuroN antibody (data not shown). These results suggest that a higher rate of apoptosis results in abnormal thinning and decreased cell density of the IGL in the TR4 Ϫ/Ϫ cerebellum during postnatal development.
Abnormalities in the development of Purkinje cells of the postnatal TR4
؊/؊ cerebellum. Previous studies of cerebellar development have suggested the importance of Purkinje cells in neurogenesis. During normal mouse cerebellar formation, Purkinje cell progenitors begin to differentiate, by approximately E10.5, at the neuroepithelium of the ventricular zone in the metencephalon. After mitosis, Purkinje cells migrate outward in a radial direction over the deep cerebellar nuclei and form a temporary plate-like structure beneath the secondary germinal zone, the EGL (36, 39) . At the same time, the dendrites of Purkinje cells extend into the ML to establish synapses with granule cell axons. A deficit in Purkinje cell development in the TR4 Ϫ/Ϫ cerebellum is indirectly suggested by the observation that the thickness of the ML in these animals was reduced to 36, 85, and 62% of that in the TR4 ϩ/ϩ cerebellum at P7, P14, and P21 ( Fig. 3 ; see also S1D in the supplemental material). To examine this possibility, immunocytochemical analysis of calbindin, a specific marker for the perikaryonic region and dendrites of Purkinje cells, was conducted. At P0 and P7, calbindin intensities were weak in the TR4 Ϫ/Ϫ cerebellum (Fig. 8B , E, and F) compared to the levels present in the TR4 ϩ/ϩ cerebellum. However, there was no obvious difference in the number of Purkinje cells. Under higher magnification, we also observed reduced dendritic arborization of Purkinje cells at P7 and P14 in the TR4 Ϫ/Ϫ cerebellum compared to that occurring in the TR4 ϩ/ϩ cerebellum (Fig. 8C to J) . In addition, a lower number of BrdUlabeled cells and fewer layers of the neuroepithelium were found in the E16.5 TR4 Ϫ/Ϫ cerebellum (Fig. 6L ) than in controls. These observations suggest that the developmental deficiency of Purkinje cells may occur at earlier embryonic stages. To determine whether the expression of genes related to Purkinje cell development was disrupted in TR4 Ϫ/Ϫ mice, realtime RT-PCR analysis was performed. Two genes that have been suggested to be involved in the development of Purkinje cells, reelin and Cdk-5 (3), showed levels of expression in TR4 Ϫ/Ϫ cerebellum samples that were only 50.58 and 35.63%, respectively, of control levels at P7 (Table 1) . Immunohistochemical analysis indicated that reelin and Cdk-5 signaling were impaired in Purkinje cells of the TR4 Ϫ/Ϫ cerebellum (Fig.  9) . At P14 and P21, although dendrites extended through the molecular layer in both TR4
ϩ/ϩ and TR4 Ϫ/Ϫ mice, there was an obvious decrease in the length of dendritic branches and the thickness of primary bundles ( Fig. 8J and L) , as well as a reduction in ML thickness in the TR4 Ϫ/Ϫ cerebellum. These data demonstrate that, during cerebellar development, the differentiation and maturation of Purkinje cells are disrupted in the cerebellum of the TR4 Ϫ/Ϫ mouse.
DISCUSSION
In this study, histological results reveal that the overall size and folium structure of the cerebellum, as well as the relative portions of different cerebellar cortical layers, are altered in TR4 Ϫ/Ϫ mice during postnatal development. In addition to histological differences between TR4 Ϫ/Ϫ and TR4 ϩ/ϩ cerebella, impaired motor coordination is apparent in TR4 Ϫ/Ϫ mice at the age of 2 weeks and persists into adulthood. These changes in cerebellar cytoarchitecture and this abnormal behavior in postnatal TR4 Ϫ/Ϫ mice suggest that TR4 may play an important role in cerebellar development.
Further analysis of the developing TR4 Ϫ/Ϫ cerebellum supports the idea that alterations in cerebellar cytoarchitecture, especially the reduction in IGL density and size, may result from a combination of effects including disturbances in the proliferation of granule cell progenitors, delayed inward migration of postmitotic granule cells, and higher apoptotic incidence. Intriguingly, the proliferation of granule cell progenitors in the TR4 Ϫ/Ϫ EGL exhibits a pattern opposite that in the EGL of the control TR4 ϩ/ϩ cerebellum during postnatal development. In the TR4 ϩ/ϩ EGL, the proliferation of granule cell progenitors increases during the first postnatal week and then declines to undetectable levels during the second and third postnatal weeks. However, in the TR4 Ϫ/Ϫ EGL, fewer proliferation signals can be detected at P0 and P7 than in the control EGL. Conversely, a prolonged period of granule cell proliferation occurs. In TR4 Ϫ/Ϫ mice, proliferating granule cells can be found at P14 and even as late as P18, while no proliferation can be detected in the controls at these ages. This shift in the proliferation pattern suggests that TR4 may have different functions depending on developmental time. Before P7, the expression of TR4 may be essential for the prolifera- tion of granule cells. However, after P7, TR4 may be involved in controlling exit from the cell cycle. Such a switch in the function of TR4 in granule cell proliferation could arise from changes in the composition of participating coregulators or other nuclear receptors. Previous in vitro studies have demonstrated that TR4 has the ability to cross talk or form dimer transcriptional complexes with numerous other nuclear receptors. In addition to the abnormal proliferation pattern of granule cells in the TR4 Ϫ/Ϫ EGL, delayed migration of postmitotic granule cells and higher incidences of apoptosis in both the ML and IGL are observed in the TR4 Ϫ/Ϫ cerebellum. Thus, granule cell proliferation is prolonged in the TR4 Ϫ/Ϫ EGL, but the subsequently differentiated granule cells fail to migrate into the IGL at the appropriate time. This failure to reach the correct location at the proper time may induce programmed cell death in these postmitotic granule cells, resulting in reduced width and cellular density of the TR4 Ϫ/Ϫ IGL. This interpretation is supported by the significant reduction in the number of BrdU-labeled cells in the TR4 Ϫ/Ϫ IGL and ML 72 h after administration, during which time cells are normally evenly distributed in the control IGL. Taken together, prolonged proliferation and slower migration of granule cells in the TR4-deficient cerebellum can explain the delayed disap- Ϫ/Ϫ cerebellum is considerably stunted, and the labeling intensity of calbindin is significantly reduced, during the first two postnatal weeks. These findings further suggest that Purkinje cell differentiation or function may be compromised in the cerebella of TR4-deficient mice early in postnatal development. It has been demonstrated that when postmitotic granule cells depart from the inner portion of the EGL and migrate radically into the IGL, their axons extend horizontally to establish synapses with the dendrites of Purkinje cells. During this process, the ML grows considerably in size to accommodate the extensions of neurites of both cell types. Thus, the stunted formation of dendritic trees of Purkinje cells and the delayed migration of granule cells indirectly suggest that the extension of neurites of both Purkinje and granule cells is affected and may account for the reduced width of the ML in the TR4 Ϫ/Ϫ cerebellar cortex. During cerebellar development, the interaction between Purkinje and granule cells guides other aspects of their cell survival and behavior (11, 20) . Although expression of TR4 can be detected in Purkinje and granule cells in the normal postnatal cerebellum, in the present model we are not able to determine whether the alterations in granule cell proliferation and migration, as well as Purkinje cell development, are cell autonomous. These effects may reflect abnormal interactions between Purkinje and granule cells, due to deficits in function of either or both cell types. However, examination of the number and distribution of basket and stellate cells in the ML, as well as of Golgi cells in the IGL, reveals no obvious differences in these inhibitory interneurons between TR4 Ϫ/Ϫ and age-matched TR4 ϩ/ϩ mice. Thus, it is likely that TR4 is specifically involved in the development of granule and Purkinje cells, which in turn affects the cerebellar structures they populate.
Interestingly, morphological alterations occur in the CNS even earlier, at embryonic stages of the TR4 Ϫ/Ϫ cerebellum. This finding is consistent with a previous study showing the predominant expression of TR4 in the mesencephalon at the embryonic stage, which is believed to be the origin of cerebellar progenitors (37) . In the TR4 Ϫ/Ϫ embryo, the size of the rhombic lip and the thickness of cell layers in the neuroepithelium are reduced, while no obvious difference appears in the structure of other organs relative to those of control litter- embryos, the reduced number of cells in these two germinal zones results from interference with the proliferation of these progenitors. At E18.5, the expression of Zic1 and Pax-6, which have been suggested to play fundamental roles in the neurogenesis of cerebellar granule cells (2, 34) , increased 1.6-and 1.8-fold, respectively, in the TR4 Ϫ/Ϫ cerebellum over that in controls. This result suggests that during the commencement of cerebellar development, some compensatory processes may be triggered to overcome the effects of losing TR4. Thus, our results from the TR4 Ϫ/Ϫ embryo further demonstrate that TR4 is important very early in neurogenesis.
Previous studies with staggerer (sg) and ROR␣ Ϫ/Ϫ mice, which express deficits in the thyroid hormone/ROR␣ signaling pathway, revealed a cell-autonomous defect of the Purkinje cells. Purkinje cells of sg and ROR␣ Ϫ/Ϫ mice fail to establish synaptic contacts with granule cell parallel fibers, causing granule cell numbers to decrease. In addition, the proliferation and migration of granule cells are disrupted in sg and ROR␣ Ϫ/Ϫ mice. Both types of mutant mice exhibit perturbed cerebellar development and present with tremor and impaired balance (8, 12, 13, 14, 15, 16) . The abnormalities in sg and ROR␣ Ϫ/Ϫ mice are similar to those we observed in TR4 Ϫ/Ϫ mice. Because TR4 is able to modulate thyroid hormone and retinoic acid signaling (21, 23) , it is possible that the defects observed in TR4 Ϫ/Ϫ cerebellar structure may result, in part, from disturbed thyroid hormone signaling. However, the aberrant development of Purkinje cells in the TR4
Ϫ/Ϫ cerebellum is distinct from that in sg and ROR␣ Ϫ/Ϫ mice. Although the growth of dendritic branches of Purkinje cells is stunted in the cerebella of all three types of mice, only sg and ROR␣ Ϫ/Ϫ mice show a reduction in the number of Purkinje cells at late developmental stages. In contrast, the Purkinje cell dendrites in the TR4 Ϫ/Ϫ cerebellum can extend into the ML at late developmental stages, although the thickness of the primary bundle and the length of dendritic trees are obviously reduced relative to those of the TR4 ϩ/ϩ cerebellum. To determine whether thyroid hormone signaling genes are affected, we examined the expression of the ROR␣ gene, which has been implicated as the major effector for thyroid hormone signaling in cerebellar development. ROR␣ gene expression in the TR4 Ϫ/Ϫ cerebellum is reduced to 72.92% of the level in TR4 ϩ/ϩ controls at P7, when the TR4 Ϫ/Ϫ cerebellum shows a pattern of disorganization most similar to that of thyroid hormone-deficient mice. Interestingly, at E18.5, ROR␣ expression is up-regulated 1.3-fold in the TR4 Ϫ/Ϫ cerebellum. Thus, we surmise that during cerebellar development, TR4 may cross talk with ROR␣ in regulating the expression of some genes that are essential for cerebellar development. The fact that TR4 Ϫ/Ϫ mice survive beyond the age of 4 weeks, when most sg and ROR␣ Ϫ/Ϫ mice die, suggests that other genes may compensate for the deficiency of TR4.
Besides the thyroid hormone deficiency model, several other null mice models have been studied in order to understand neurogenesis. TR4-deficient mice also share several similarities in abnormal cerebellar development with those mutant mice, including defects in the proliferation and migration of granule cells and in the development of Purkinje cells. Therefore, we further examined those well-documented genes which have been suggested to be involved in cerebellar development in order to gain insight into the physiological function of TR4 in neurogenesis. Previous studies with reeler and Cdk-5 Ϫ/Ϫ mice have shown that disturbances in the arrangement of Purkinje cells cause a failure in cerebellar development (26, 30) . Related studies further demonstrated that reelin, the mutant gene in reeler mice, is critical for neuronal migration and cell position in the CNS (25) . In the reeler cerebellum, Purkinje cells fail to form an appropriate plate structure to support the proliferation of granule cells in the EGL, resulting in reductions in the size and foliation of the cerebellum (27) . The disturbed arrangement of Purkinje cells in the neonatal TR4 Ϫ/Ϫ cerebellum, and the ability of TR4 to regulate the expression of ApoE, whose receptor has been shown to be involved in the degradation of neuronal adaptor protein Disabled-1, the key molecule in reelin signaling (4), led us to hypothesize that reelin signaling may be affected. Consistent with this hypothesis, reelin expression is reduced in the TR4 Ϫ/Ϫ cerebellum at different postnatal stages. Interestingly, in reeler mice, although the Purkinje cells are disoriented, no disturbance is found in granule cell migration. This result is distinct from our observation for the TR4 Ϫ/Ϫ cerebellum. Moreover, at later developmental stages, the Purkinje cells in the TR4
Ϫ/Ϫ cerebellar cortex seem to align normally, although severely stunted dendritic arborization occurs at P7. Cdk-5 has been demonstrated to be important in neurogenesis, specifically for neuronal migration and neurite outgrowth (17, 30) . Based on the stunted Purkinje cell arborization and the deficit in granule cell migration in the postnatal TR4
Ϫ/Ϫ cerebellum, we predicted that the expression of Cdk-5 may also be altered. As revealed by real-time RT-PCR and immunohistochemistry, the expression level of Cdk-5 is reduced, specifically in Purkinje and granule cells. Thus, the present data suggest that the abnormal development of Purkinje cells in the TR4 Ϫ/Ϫ cerebellum may result in part from impaired reelin and Cdk-5 signaling. In the cerebellum, in addition to making direct synaptic contacts with granule cells, Purkinje cells also secrete mitogenic factors, such as Shh, to stimulate the proliferation of granule cell progenitors in the secondary proliferative zone, the EGL, and may be involved in guiding the migration of postmitotic granule cells inward (31, 38, 40) . In the postnatal TR4 Ϫ/Ϫ cerebellum, the development of Purkinje cells is stunted and the level of Shh is decreased at postnatal stages (P0 and P7) relative to those in the TR4 ϩ/ϩ cerebellum. These results further support the idea that the function of Purkinje cells is compromised when TR4 is absent, and they may explain the diminished proliferation of granule cell progenitors in the TR4 Ϫ/Ϫ EGL at early developmental stages. It is known that proper inward migration of postmitotic granule cells plays an important role in cerebellar organogenesis. In the developing TR4 Ϫ/Ϫ cerebellum, granule cell proliferation and Purkinje cell differentiation are affected. Moreover, the profile of granule cell migration from the EGL to the IGL is interrupted. A previous study with Cdk-5-null mice indicated that Cdk-5 is not only essential for Purkinje cell orientation but also important for granule cell migration (30) . The reduced Cdk-5 expression in TR4 Ϫ/Ϫ granule and Purkinje cells implies that the delayed migration of neuronal cells may be cell autonomous and that TR4 may play a role in regulating Cdk-5 expression in neurons. On the other hand, expression of Pax-6, which has been demonstrated to be important for postmitotic granule cell migration and the forma-tion of parallel fibers (9, 18), is first increased and then decreased in the TR4 Ϫ/Ϫ cerebellum. The observation of a lower number of progenitors at the primary proliferative zone but with higher expression of Pax-6 and reelin at embryonic and neonatal stages in the TR4 Ϫ/Ϫ cerebellum suggests that these mechanisms may be involved in compensating for the lack of TR4 in neurogenesis rather than retarding cerebellar development. Abnormal granule cell migration may also reflect disrupted establishment of neuronal-glial contact during neurogenesis. Astn, a neuronal-glial ligand required for normal migration of neuronal cells (1) , is down-regulated in the TR4 Ϫ/Ϫ cerebellum at early developmental stages. This raises the possibility that the microenvironment between the granule cells and glial fibers may also be altered in the TR4 Ϫ/Ϫ cerebellum. Thus, TR4 may play a role in neuronal migration in two ways: regulating the expression of reelin, Cdk-5, and Pax-6 in cerebellar neurons and establishing the proper contact in neuronal-glial circuitry.
Interestingly, the defects in the TR4 Ϫ/Ϫ cerebellum are similar, but not identical, to those found in several mouse models which concern cerebellar development, including stagger, ROR␣ Ϫ/Ϫ , reeler, Cdk-5 Ϫ/Ϫ , small eye, and astn Ϫ/Ϫ mice (1, 8, 12, 14, 25, 30, 33) . Furthermore, the expression of some of these genes is not simply reduced in TR4 Ϫ/Ϫ mice. An initial increase in expression is observed for Pax-6 and reelin at embryonic stages (Table 1) , and expression subsequently declines to below normal levels during later postnatal development. These results implicate TR4 in differentially modulating the expression of genes required for the development of cerebellar neurons, either directly or indirectly. Abolishing TR4 function alters granule cell proliferation and migration, influences Purkinje cell development, and/or affects cytoskeletal organization between glia and migrating granule cells, which is required for proper cerebellar development. Although the expression of genes which are important for cerebellar development is altered in the TR4-deficient cerebellum, the specific cellular and molecular mechanisms underlying these changes still need to be determined. Immunocytochemically, the TR4 signal is observed ubiquitously in normally developing cerebella (Fig. 4) . Specifically, TR4 is most highly expressed in postmitotic granule cells in the EGL, ML, and IGL, as well as in Purkinje cells. The presence of TR4 in these cells raises the possibility that the abnormalities in EGL and IGL thickness, increased numbers of rounded granule cells in the ML, and stunted growth of Purkinje cell dendritic trees in the TR4 Ϫ/Ϫ cerebellum may be specifically due to the absence of functional TR4 in these cells. Therefore, it would be interesting to study conditional or cellspecific TR4-null models in order to further clarify the function of TR4 in neurogenesis.
In conclusion, our results show that multiple abnormalities observed in the developing TR4 Ϫ/Ϫ cerebellum may be due to the loss of TR4 function in the CNS. However, whether the cerebellar defects are direct effects of deletion of the functional TR4 gene specifically in Purkinje and/or granule cells or indirect effects due to loss of TR4 in other cell types remains to be determined. Most likely, multiple mechanisms exist by which TR4 regulates the development of the cerebellum, as suggested by our findings. Our results provide important insights into the physiological role of TR4 during cerebellar development and may serve as the basis for further exploration of the function of TR4 in CNS development.
